Since the 2009 pandemic human H1N1 influenza A virus emerged in April 2009, novel reassortant strains have been identified throughout the world. This paper describes the detection and isolation of reassortant strains associated with human pandemic influenza H1N1 and swine influenza H1N2 (SIV) viruses in swine populations in South Korea. Two influenza H1N2 reassortants were detected, and subtyped by PCR. The strains were isolated using MadinDarby canine kidney (MDCK) cells, and genetically characterized by phylogenetic analysis for genetic diversity. They consisted of human, avian, and swine virus genes that were originated from the 2009 pandemic H1N1 virus and a neuraminidase (NA) gene from H1N2 SIV previously isolated in North America. This identification of reassortment events in swine farms raises concern that reassortant strains may continuously circulate within swine populations, calling for the further study and surveillance of pandemic H1N1 among swine.
Keywords: H1N2 influenza A virus, pandemic (H1N1) 2009 influenza A virus, reassortment, South Korea, swine Swine influenza viruses (SIVs) are enveloped, segmented, single-stranded, negative-sense RNA viruses belonging to the family Orthomyxoviridae [22] . The viral envelope is studded with two glycoproteins [hemagglutinin (HA) and neuraminidase (NA)], which are essential for the biological function of the virus. The 16 known HA proteins and 9 known NA proteins combine in various permutations to create many different subtypes [1, 8, 27] .
Influenza viruses undergo major evolutionary change by acquiring a new genomic segment from another influenza virus, effectively becoming a new subtype, by a process known as antigenic shift [26] . Animals such as pigs and birds facilitate viral evolution by serving as reservoirs of influenza viruses. Swine have become known as "mixing vessels" for influenza viruses because of their dual susceptibility to both human and animal strains of influenza, which allows them to serve as containers for the genetic reassortment of these strains [3, 4, 6, 7] .
Since 1999, several newly developed viruses created by the reassortment of human, swine, and avian genes have been isolated in the Unites Stated [21, 41] . Such genetic reassortment can occur when swine are simultaneously infected with different influenza A viruses, such as human, swine, and avian strains. This process has created new strains of influenza A, including those with pandemic potential. Indeed, the reassortment of influenza A viruses among human, European and Asian swine, and avian strains appears to have created a new influenza A virus that led to the first pandemic in this century: the 2009 (H1N1) swine influenza pandemic. As it contains two genes from flu viruses that normally circulate among swine in Europe and Asia as well as avian and human genes, the H1N1 strain is referred to as a quadruple reassortant virus [5, 9, 28, 38] .
This study detected and isolated swine H1N2 reassortant strains of pandemic H1N1 virus in swine populations in South Korea. Based on the phylogenetic analysis and molecular characterization of virus isolates, this study aimed to determine whether these isolates have undergone various forms of genetic evolution, such as mutations, antigenic drift as point mutations, and/or antigenic shift as genetic reassortment.
MATERIALS AND METHODS

Samples for Virus Isolation
A total of 313 lung, tonsil, and nasal swab samples were obtained between January 2010 and September 2010, from various swine farms in nine provinces of South Korea. All specimens were submitted to the virology laboratory of the College of Veterinary Medicine, Seoul *Corresponding author Phone: +82-2-880-1255; Fax: +82-2-885-0263; E-mail: parkx026@snu.ac.kr National University. Ninety-one samples showed fever at the sampling, and others appeared clinically normal. Upon arrival of samples, the nasal swab samples were collected into an antibiotic-containing transport medium, and pooled organs were homogenized in phosphatebuffered saline (PBS) after chopping. Ten-percent homogenate suspensions were prepared in PBS (pH 7.4) and centrifuged at 3,000 ×g for 10 min. Supernatants were used for RNA extraction and virus isolation.
RNA Extraction and Reverse Transcription
Viral RNA was extracted from each suspension using TRIzol LS (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse transcription (RT) was performed using random hexamer primers (TaKaRa, Otsu, Japan). A volume of 10 µl of extracted RNA and 1 µl of 100 pmol random primer were mixed and heated to 95 C until further use. PCR products were analyzed by electrophoresis in 1.2% agarose gel containing ethidium bromide. The band size (280 bp) was excised and purified using a QIA Quick Gel Extraction Kit (QIAGEN, Hilden, Germany), according to the manufacturer's instructions. The purified DNA of PCR products was sequenced by Macrogen (Seoul, South Korea) in both directions of each primer.
Plaque Assay MDCK cell monolayers were inoculated with 10-fold diluted virus inoculums in 6-well culture plates, and incubated for 1 h. The inoculum was then removed, and the cells were overlaid with DMEM containing 2 µg/ml trypsin, 1.8% Bacto agar, and 1% (w/v) neutral red, and incubated at 37 o C in a 5% CO 2 incubator for 2-3 days [34] . The plaques were counted by visual examination, aspirated using tips, and suspended in DMEM. For the clear characterization of virus isolates, the suspension of pure plaque was inoculated to MDCK cells with 0.3 µg/ml of L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-trypsin. After observation of cytopathic effect (CPE), the supernatant of isolates used for characterization, was identified by HA testing, and tested for influenza type A by RT-PCR assay as mentioned below.
Virus Isolation and Subtyping of SIV Among the samples, pooled organs from 25 samples determined influenza positive by RT-PCR were prepared in PBS as described in the section above. The supernatant was filtered at 0.45 µm and immediately used for inoculation. Viruses were isolated in MadinDarby canine kidney (MDCK) cells. A cell monolayer of MDCK was prepared by 24 h of incubation in Dulbecco's modified Eagle's medium (DMEM) with 7% fetal bovine serum in 12-well culture plates. The medium was discarded and the cell monolayer rinsed twice with PBS. The cells were incubated with 3 ml of prepared inoculums for 1 h at 37 o C, after which the inoculums were removed and the cell monolayer was rinsed once with PBS. After 4 ml of DMEM containing 0.3 µg/ml of TPCK-trypsin was added per well, the cells were further incubated at 37 o C for 48-76 h and observed daily for CPE [19, 28, 29] . After observation of CPE, the supernatant of isolates was used for further passage, identified by HA testing, and tested for influenza type A by RT-PCR assay. The isolate subtype was determined using one-step multiplex RT-PCR with primers to amplify H1, H3, N1, and N2 SIVs [17] .
Sequencing and Phylogenetic Analysis
Amplification of the full gene of the viral HA, NA, M, and NS segments and partial gene of polymerase PB1 (202-843), PB2 (1291-2103), PA (754-1197), and NP (496-1036) gene segments was performed with primer sets as previously described [16, 42] . PCR for sequencing was performed using i-StarMaster mix PCR according to the manufacturer's instructions. SIV sequences were confirmed and highly similar sequences were identified using the Basic Local Alignment Search Tool (BLAST, http://blast.ncbi.nlm. nih.gov/Blast.cgi). The nucleotide sequences were aligned using the ClustalX ver. 2.0.12 multiple sequence alignment program (http:// www.clustal.org) [33] and compared with reference viruses using BioEdit software ver. 7.0.5.3 (http://www.mbio.ncsu.edu/bioedit/ bioedit.html). The reference strains were obtained from the Influenza Research Database (IRD; http://www.fludb.org/brc). Phylogenetic trees were constructed using the neighbor-joining (NJ) method and applying the maximum composite likelihood model with 1,000 bootstrap replications using the MEGA 4.0 program (http://www. megasoftware.net). Similarities were identified by comparison with sequences of reference strains available in GenBank (http://www. ncbi.nlm.nih.gov/genbank). The amino acid sequence of isolates was also generated and aligned using the same programs (ClustalX ver. 2.0.12, BioEdit software ver. 7.0.5.3).
RESULTS
Detection and Subtyping of SIV Isolates
After performing RT-PCR targeting the M gene, 25 samples from 21 farms in seven provinces of South Korea, except Jeonbuk and Gwangwon, showed positive results for SIV (Table 1) . SIV positive pigs were collected from the provinces of Chungnam and Kyonggi (n = 5), Gyeongbuk and Gyeongnam (n = 4), Chungbuk and Cheonnam (n = 3), and Jeju (n = 1). SIV was detected from nasal swab samples in 2 pigs and the other positive samples were detected from pooling of solid organs and lymph nodes.
Two influenza A viruses (Sw/Korea/4940/2010 and Sw/ Korea/4941/2010) were isolated using MDCK cells. These two isolates were collected in April 2010, and their symptoms included respiratory abnormalities like respiratory distress and abdominal breathing, and neurological abnormalities ( Table 2 ). At necropsy, some blood-tinged fibrinous exudate in the airways, enlarged and hemorrhagic bronchial lymph nodes, and stomach that contained milk curd were evident. Lungs were red, wet, and heavy, with distinct areas of purple, firm, collapsed lungs. The one-step multiplex RT-PCR using a dual priming oligonucleotide (DPO) system was performed to identify the H1N2 subtypes without SIV co-infection. DPO contains two separate priming regions joined by a polydeoxyinosine linker for a high level of PCR specificity, even under suboptimal PCR conditions. The H1 and N2 SIV subtypes of 2 isolates were identified.
Plaque Formation by Plaque Assay
The formation of plaques with influenza viruses could be seen 72 h after infection, by visual examination. After 4 days, the plaques stand out as white and small in 6-well culture plates. They were best seen against a clear, black background; they appeared as round, uncolored areas contrasting with the red color of the surrounding living cells, stained with neutral red. Trees were constructed using the neighbor-joining method and applied the maximum composite likelihood model with 1,000 bootstrap replications using the MEGA (4.0) program. Similarities were determined by comparison with sequences of reference strains available in GenBank.
IDENTIFICATION OF REASSORTANT PANDEMIC H1N1 INFLUENZA VIRUS IN KOREAN PIGS 703
The suspension of pure plaque was inoculated to MDCK cells, and induced CPE through tissue culture passage. HA titers of 1/16 to 1/256 were obtained from second passage to fourth tissue culture passages. By the 5 th passages, infectious virus was demonstrated by plaque assay ranging from 8 × 10
6 to 1.3 × 10 7 plaque-forming units (pfu/ml).
Phylogenetic Analysis
The Table 3 .
DISCUSSION
The success of interspecies transmission of the influenza virus is dependent on viral gene constellation and binding to the host cells by α-2,3-and α-2,6-galactose sialic acid A tree was constructed using the neighbor-joining method and applied the maximum composite likelihood model with 1,000 bootstrap replications using the MEGA (4.0) program. Similarities were determined by comparison with sequences of reference strains available in GenBank. Amplification of viral genes was performed as previously described [16] . Amplification of HA, NA, M, and NS genes was performed as previously described [15, 17] .
linkages [2, 36] . Successful interspecies transmission of a virus can result in genetic reassortment, producing a progeny virus containing specific genes that confer the virus with the ability to replicate in a new host. Thus, a novel reassortant virus may be produced, which is capable of replicating efficiently in humans [2, 36] . We report the detection of a novel H1N2 reassortant virus between the 2009 pandemic influenza virus H1N1 and a swine subtype H1N2 virus. The identification of this novel H1N2 reassortant virus shows that pigs can play an important role as mixing vessels for animal and human influenza viruses [11] , serving as a vehicle for reassortment and host adaptation [20, 30, 40] . This finding further indicates that an introduction of the 2009 pandemic virus H1N1 in the swine population has provided new opportunities for reassortment and has increased the risk of altered transmissibility and enhanced virulence associated with the pandemic H1N1 virus [20] . The novel reassortant virus identified in this study contained human, avian, and swine viral genes that originated from the 2009 pandemic virus H1N1 and the NA gene that originated from the H1N2 SIVs previously isolated in North America. In this study, we only succeeded in obtaining partial sequences of the internal segments of the following genes: PB1, PB2, PA, and NP. However, it has been shown that the internal segments of genes of isolates were closely related to the 2009 pandemic virus H1N1, because primers for the amplification of the internal genes were designed to correspond to the variable regions for each internal gene of the H1N1 pandemic viruses and SIV H1N2 subtypes using the Primer 3 program. This shows that the 4 partial sequences obtained could correspond to the full genome of 4 genes.
The isolation of reassortant strains from swine populations of different countries also raises concerns about the possible establishment of an H1N1 pandemic among swine populations [1, 20] . Owing to continued transmission of the 2009 pandemic influenza virus H1N1 within and between human and swine populations [9, 25, 30] , swine reassortant viruses with pandemic virus genes have been detected in many countries [15, 24, 30, 31, 37] . Recently, a reassortant virus containing HA and internal genes from the pandemic H1N1 virus, and NA genes from swine subtype H1N2 virus has been characterized in Italy [20] . A reassortant strain containing 7 RNA segments derived from SIVs circulating in China and the NA gene from the pandemic H1N1 virus has been identified in Hong Kong [35] . Unlike the reassortant H1N1 virus in Hong Kong, a H1N2 reassortant strain in the United Kingdom containing HA and NA genes from the swine subtype H1N2 virus and internal genes from the pandemic H1N1 virus has been isolated from swine [10] . In addition, a reassortant H1N1 virus from a swine was also discovered in Germany and Thailand [15, 32] . The reassortant virus isolated in Germany consists of all gene segments from pandemic H1N1 except for the NA derived from Eurasian swine lineage [32] . A novel swine reassortant H1N1 virus reported in Thailand consists of 7 RNA gene segments from the 2009 pandemic virus H1N1 and a NA gene from a Thai swine H1N1 isolate [15] . Such reassortment events involving pandemic H1N1 influenza viruses have increased recently [10, 35] .
In this study, among the 313 tissue samples, including lung, tonsil, and nasal swabs, obtained from swine farms in South Korea, influenza A viruses were detected in 25 samples by RT-PCR targeting the M gene, which is highly conserved in influenza A viruses. Among these 25 samples, 2 viruses (Sw/Korea/4940/2010 and Sw/Korea/4941/2010) were isolated using MDCK cells and determined as H1N2 subtype by multiplex RT-PCR using a dual priming oligonucleotide (DPO) system [17] . The 2 isolates identified in this study, both confirmed to have undergone antigenic changes by comparison of amino acid sequences at HA antigenic sites, have been confirmed to be the result of reassortment of genes among the classical swine, human, avian, and Eurasian swine strains. Furthermore, there are porcine trachea epithelial cells that express both the N-acetylneuraminic acid-α-2,3-galactose (NeuAcα2,3Gal) linkage on sialyloligosaccharides for avian influenza and the NeuAcα2,6Gal linkage for human influenza. The identification of these reassortant events can, therefore, provide further evidence of the role of swine as mixing vessels and the possibility of the emergence of new influenza strains [2, 36] .
The widespread human-to-swine transmission of the pandemic (H1N1) 2009 influenza virus in South Korea was reported [30] . However, no case of reassortment of the pandemic virus from swine in this country has been reported prior to this study. The identification of a swine reassortant virus H1N2 associated with the H1N1 pandemic influenza virus in this study shows the possibility of the development of a novel swine virus following transmission of the pandemic influenza virus from human to swine populations in South Korea.
The reassortant virus characterized in this study, as that between the 2009 pandemic virus H1N1 and the SIV subtype H1N2, is the first of its kind in Korea and the second in Asia after Hong Kong. As described previously, the pandemic H1N1 virus and H1N2 SIVs may continuously co-circulate within swine populations in South Korea, providing opportunities for reassortment. The emergence of novel reassortant H1N2 strains derived from 2009 pandemic virus H1N1 within swine populations in this country raises the concern that these viruses will become established within swine populations. Thus, it is very important to monitor the emergence of novel swine reassortant strains. This newly identified reassortant virus may represent not only a pandemic zoonotic threat but also an agricultural and economic threat for the South Korean
